Thirty Meter Telescope (TMT) will see its first light in 2018. We propose Second-Earth Imager for TMT (SEIT) as a possible next generation instrument of TMT. The main purpose of the SEIT is direct detection of habitable planets around M-type stars. The large aperture of the TMT allows us to directly image very faint planets close to the bright central stars. In general the ground-based telescopes will suffer from speckles caused by static aberrations and high sky background, which prevent us to directly detect reflective light from (super) Earths. Here, we propose a new concept for both speckle and sky background suppressions by the use of an interferometric technique. The exozodiacal light is also suppressed when it is a symmetric source. Thus, this concept suppresses symmetric sources and then enhances the contrast of the SITE. In this paper, we will show the concept of the SEIT and our preliminary simulation results.
INTRODUCTION
Since the first discovery of an exoplanet orbiting a main-sequence star by Mayor & Queloz 1 , more than 450 exoplanets have been so far discovered. After the successes of this radial velocity method and several other indirect methods, the first direct imaging of the exoplanets around a young star HR8799, which is 1.5 times more massive than the Sun, was reported in August 2008 2 . Then, a snapshot of a planet candidate orbiting a G-type star, GJ758B, has been taken in September 2009 3 . On the other hand, the CoRot-7b is first confirmed as a rocky planet by a combination of the radial velocity and transit observations 4 . Therefore, the next milestone of the exoplanet studies will be direct detection and characterization of Earth-like planets.
Direct detection of the Earth-like planets in the habitable zones of other planetary systems involves a significant technical challenge, since contrast values of 10 -10 and 10 -7 have to be reached at a close angular distance to a central star at visible and infrared wavelengths, respectively. Several possibilities for direct detection of the Earth-like planets have been proposed: a space-based coronagraph operating at visible wavelengths, a space-based nulling interferometer operating at mid-infrared, and ground-based Extreme Large Telescopes (ELTs). In this paper, we concentrate on the last approach.
Several projects related to the ELTs are the Thirty Meter Telescope (TMT) 5 , the Giant Magellan Telescope (GMT) 6 , the European Extreme Large Telescope (E-ELT) 7 , the Euro50 8 , and the 100m OWL telescope 9 Among them, the TMT, the E-ELT, and the GMT are scheduled to see the first light in 2018. High contrast imaging instruments for exoplanet studies have been proposed as second generation ones: the Planet Formation Imager (PFI) for the TMT 10 and the Exo-Planet Imaging Camera and Spectrograph (EPICS) for the E-ELT 11 . Thanks to the large telescope aperture, the PFI and the EPICS are expected to achieve an improvement in contrast three orders of magnitudes and an improvement in angular separation by a factor of ten, compared with the current 8-m class telescopes aided with AO systems. The significant improvements both in contrast and angular separation lead to detect planets not only through their self-emission but also through reflected light of their central stars. The PFI also has a capability of direct imaging of planets forming in circumstellar disks in nearest star forming regions at 150pc by the use of the polarization properties of the cirmustellar disks. Thus, the PFI focuses on the science cases of the Jovian planets and the planetary formation as its name stands for. On the other hand, the EPICS aims to detect and characterize not only various types of the Jovian planets but also the Earth-like planets. The EPICS has a unique post-coronagraphic wavefront sensing to maximally reduce quasi-static phase aberrations. Additionally, in order to find a suitable coronagraph for the E-ELTs, Martinez et al. derived critical parameters and accessed the impact of system parameters on several coronagraphs 12 . However, Cavarroc et al. 13 derived the fundamental limitations on direct detection of exoplanets from ground-based observations and concluded that it is very difficult for the ELTs to directly detect the Earth-like planets even if the ExAO perfectly performs.
Here, we present a new approach for direct detection of the Earth-like planets with the TMT, to which the NAOJ joined as a Collaborating Institution. The above proposals focused on direct detection of the Earth-like planets in the habitable zones of the Sun-like stars. As a result, this task is a significant technical challenge since a contrast of 10 -10 must be reached. On the other hand, focusing on the fact that the habitable zones around the M-type stars are close to the central stars, the reflected lights from the Earth-like planets are enhanced. The required contrast is mitigated to a large extent. In addition, thanks to the large telescope aperture, the ELTs can fully separate the Earth-like planets from the central stars even if the habitable zones are very close to the central stars. Thus, the ELTs can detect the Earth-like planets around Mtype stars. Additionally, recent studies 14, 15 suggest that even active M-type stars have a capable of being viable hosts for the habitable planets, on which the origin and evolution of the life occurs.
Based on this approach, we propose a possible high contrast instrument for TMT, named Second-Earth Imager for TMT (SEIT), as a next generation instrument of the TMT. In this paper, we show our proposed load map from an indirect search for Earth-like planet candidates with the Subaru telescope to direct imaging of Earth-like planets with the TMT in Section 2 and discuss how to characterize the Earth-like planets from band-band (R=5) observations in Section 3.
A STEP FROM SUBARU TO TMT

Infrared Doppler Approach on Subaru
As the first step of direct imaging of the Earth-like planets of any types of stars, it is important to detect Earth-like planet candidates by indirect methods. We will first develop a precision high dispersion spectrograph (or Infrared Doppler Instrument: IRD) operating at near-infrared wavelengths with the Subaru 8.2-m telescope by the mid-2010 to detect the Earth-like planet candidates around M-type stars that are optically faint but infrared bright. It should be noted that the Doppler measurements operating at visible and near-infrared wavelengths are most suitable to detect planets orbiting Gtype stars and M-type stars, respectively. Additionally, the Doppler measurements operating at visible and near-infrared wavelengths with a precision of 1m/s are able to detect even the Neptunian planets and the Earth-type planets down to the mass of the Earth, respectively. The difference between these detection limits comes from the masses of the central stars. Figure 1 shows the detection limit of an infrared Doppler measurement with a precision of 1m/s around an M-type star with 0.3 times the mass of the Sun. The plots represent the planets around the two M-type stars, Gl581 and Gl876, detected by the visible Doppler measurements. Both two systems have the Earth-like planet companions. As shown in Figure 1 , a Doppler measurement with a precision of 1m/s sufficiently allows us to detect an Earth-like planet close to the central star. Figure 2 shows the limits of the habitable zone as a function of the stellar mass 14 . Whether the planet is located in the habitable zone is an important indicator for evaluation whether the planet has a capability of harboring lives. As shown in Figure 2 , the habitable zones around a Sun-like star and an M-type star with 0.3 times of the Sun's mass are 0.7 to 2.0 AU and 0.07 to 0.2 AU, respectively. Therefore, the infrared Doppler measurements can detect the Earth-like planets in the habitable zones of the M-type stars. In other words, the planet companions detected by the infrared Doppler measurements are the ideal targets of the SEIT.
Direct Imaging from Ground-Based Telescopes
Direct imaging of the Earth-like planets from ground-based observations involves further difficulties, compared with that by space coronagraphic observations: 1. The achievable contrast is limited by the dynamic phase aberrations due to incompleteness of correction of the atmospheric disturbances with the ExAO. 2. The quasi-static phase aberrations caused by an instrument put into an unstable condition limit the contrast. 3. The atmosphere creates the sky background in which the planet is buried. Figure 3 shows the achievable contrast as a function of the residual aberrations uncorrected by a wavefront correction system when a 128 × 128 deformable mirror is employed. Even if a telescope has a thirty-meter diameter, the achievable contrast is limited to 10 -9 at 0.1 arcsec. The speckles caused by the quasi-static phase aberrations also prevent to detect the planets. According to the previous study 16 , the fundamental limit for the long exposure time depends only on the static phase aberrations because the dynamical phase aberrations are azimuthally averaged and then are contributed as the photon noise. Thus, it is required for direct imaging of the planets with the ELTs to suppress the static phase aberrations as much as possible.
On the other hand, the atmospheric sky background is also problematic for direct detection of the Earth-like planets with ground-based telescopes. Even at the best ground sites such as the summit of the Mauna Kea, it is more than 10 4 times brighter than the emission from the Earth-like planet. Therefore, the sky background should be subtracted for extraction of the signal from the Earth-like planets. Figure 1 . Comparison of the detection limits of the SEIT and an infrared Doppler instrument. The black solid and dashed lines are the detection limits of the SEIT for the system at 5.0pc and the infrared Doppler with a precision of 1m/s, respectively. Assuming that the inner working angle is two times the diffraction limit of the TMT and the achievable contrast of the SEIT is 10 -8.5 at the IWA, the detection limit of the SEIT is derived. Figure 2 . The limits of the habitable zone as a function of the stellar mass 16 . The two vertical black solid lines show the limits of the region where the SEIT can access to the Earth-like planets at 5pc. The inner limit corresponds to the inner working angle of the SEIT (see in the section 3). The outer limit comes from lack of the contrast of the SEIT, assuming that the achievable contrast of the SEIT is 10 -8.5 at the IWA. 
SECOND-EARTH IMAGER FOR TMT: SEIT
We propose a new high contrast instrument for direct detection of Earth-like planets as a possible next generation instrument for the TMT. The goal of the SEIT is not only to detect but also to characterize the Earth-like planets even only from broad-band (R=5) observations. However, as discussed in the last section, the static phase error and the sky background lead this task to be a significant challenge. Thus we also present a new method for suppressions of the sky background and the static speckles. In this section, we show the approach for characterization of the Earth-like planets and then introduce the SEIT system.
Target Stars for SEIT
Thanks to the very large aperture of the TMT, the SEIT can achieve a high contrast ratio at a small angular separation from a central star. The SEIT is sensitive to planets close to the central star. Figure 4 shows spectra of the planets with the size of the Earth positioned at 1AU and 0.1AU. As the planet is closer to the central star, the luminosity of the planet is more enhanced in the near infrared because the planet shines through the reflected sunlight. The contrast ratio of the planet at 0.1AU to the central star is mitigated to 10 -8 . Thus, we stress that the TMT can be the first telescope that enable detect imaging of the habitable planets around the M-type stars. 
Biomarkers
One of the methods for characterization of the planets is to estimate the atmospheric constituents of the planets from spectroscopic observations. Especially, the atmospheric gases such as oxygen, ozone, carbon dioxide, methane, and water are proposed as indicators of the biological state on the planet 17, 18, 19, 20 . However, in the ground-based observations, spectroscopic observations with a high spectral resolution are required for detection of theses absorption lines by the use of velocity difference between the Earth and the target system because the ground-based observations suffer from the atmospheric absorptions of the Earth. As a result, an ultimately large telescope such as the OWL100 is required for spectroscopic observations of the Earth-like planets with a high spectral resolution 21 . Here, we focus on wavelength dependency of the surface reflectance by the exovegetation as one of the possibilities of detection of the biomarkers. As a matter of course, we can only guess how the atmospheres and the vegetation are formed on planets orbiting other systems. However, the point of this argument is that, if the atmosphere of the target planet is different from that of the Earth, a spectroscopic observation with even a low spectral resolution allows us to search for a second-Earth. The Earth vegetation has a behavior to selectively absorb the photons for the photosynthesis. The photons beyond 700nm from the Sun are reflected because the photon energy is low. Therefore, the Earth vegetation has high reflectivity beyond 700nm. As a result, the sharp edge, called the Red-Edge, can be observed just beyond 700nm. On the other hand, the way of the photosynthesis in the M-type stars may be different from that in the G-type stars because the photon energy from the M-type stars is not sufficient for the photosynthesis of the Earth vegetation. Here, a key process is a threephoton synthesis for effective use of the low energy photons beyond the Earth vegetation's red edge 22 . It is a possible exovegetation growing on a planet orbiting an M-type star. As shown in Figure 5 , the exovegetation's red edge is redshifted to 1000nm from 700nm. By the use of the red-shifted edge, we can examine whether there is vegetation on the target planet from even a color-color diagram ( Figure 6 ). In future, we will examine how to access other biomarkers on the M-type star from the color information. 
Proposed SEIT System Architecture
The SEIT system architecture is mainly divided into three modules: a wavefront correction module, a diffraction suppression module, and a high contrast module. In this paper, we briefly introduce the high contrast module. The purpose of this module is to suppress the high sky background, the exozodiacal light, and the speckles. As discussed in the last section, the signals from the Earth-like planets are embedded in these photon noises. Figure 7 shows the conceptual diagram of the high contrast module. First, a nulled beam coming from the diffraction suppression is divided into two beams by a beam-splitter. Next, each of the divided two beams is additionally split into two wavefronts by an aperture mask, and then an achromatic phase-shift of π/2 or -π/2 between the two wavefronts is introduced. Last, the two wavefronts in each of the two beams are again converted into one wavefront by the beam splitter, and then each beam enters an Integral Field Spectrograph (IFS). An effective package of the spectra is obtained on each detector. The spectrally resolved intensities are recorded as interference patterns. The subtraction between the interference pattern pairs formed on the two detectors extracts anti-symmetric sources. As a result, the symmetric sources such as the central star, the sky background, and the exozodiacal light are suppressed. However, the off-axis sources such as the planets cannot be separated from the anti-symmetrically placed speckles because the high contrast module is sensed to all anti-symmetric sources. Here, we focus on the wavelength dependency of the speckle's position on the detector; the speckle's position on the detector depends the wavelength while the planet's position on the detector is independent of the wavelength. Additionally, the intensities of the speckles change as a function of the wavelength because the introduction of the achromatic phase-shift of +/-π/2 modulates the detector planes. Thus, we can extract only the planet's signals from the speckles by the use of these behaviors. Figure 6 . Color-color diagrams of the solar planets and an analog Earth orbiting an M-type star. The filled triangles, the filled squares, the filled diamonds, and the open diamond represent the Neptunian planets, the Jovian planets, the Earth, and the terrestrial planets except for the Earth (i.e. Mercury, Venus, and Mars), respectively. The data on the Solar-System planets are based on Lundock et al. 23 . The filled circle represents the exovegetation with the red-shifted edge. 
Numerical Simulations
We conducted a preliminary one-dimensional simulation to validate a performance of the high contrast module. The target system is composed of a star, a planet, and an exozodiacal light. The distance of this target system is 10pc. The target star is an M-type star with an effective temperature Ts=3500K. The physical size of the target star is 0.7 times the solar radius. The target planet is taken to be an Earth-diameter blackbody with an effective temperature Te=265K at an orbital radius a=0.3AU. Assuming that the target planet is positioned at maximum elongation in an edge-on system, the phase function of the planet is 1/π. The geometric albedo of the target planet is adopted as 0.38. The sky background is also included in this simulation. The sky background is taken to be sum of an OH airglow and a blackbody of an emissivity 0.1 with an effective temperature T=273K. The flux density of the OH airglow is assumed to be 10 4 (photons/s/m 2 /µm/arcsec 2 ). In this simulation, the sky background is assumed to be a perfectly symmetric source. We applied a nulling interferometer with a fourth order null as the diffraction suppression system to the SEIT. Each of the nulling baseline length is 4.16m, corresponding to four times the width of the TMT's segment. The beam efficiency is set as 0.1. The sky transmission is 0.5 at 2.3 λ / D at the observing wavelength λ =1.65µm, where D is diameter of the primary mirror. In other words, the inner working angle of the SEIT is 2.3 times the diffraction limit at 1.65µm. The nulling interferometer is assumed to be perfect. On the other hand, the high contrast module shown in Figure 7 is applied to this system used for this simulation. The distance of the two apertures with a diameter d=8m is set as 20m. Assuming that the detector array used for this simulation is the HgCdTe arrays (Hawaii-2), the quantum efficiency is 0.8, the read noise is 15e-, and the dark current is 0.1e-/s. The pointing jitter of this system is also set as 1.0 mas but it is still an unknown parameter. In this simulation, we take into account only the static wavefront aberrations because the limit on the achievable contrast mostly comes from the (quasi-) static aberrations. The residual dynamic aberrations uncorrected by the ExAO system are not included in this simulation. We apply a 64 * 64 deformable mirror (DM) with an accuracy such that the reflected wavefront has an RMS error of 20nm. The speckles formed on the image plane are caused by the phase and amplitude ripples of the reflected wavefront by the DM and the imperfect optics of this system. We ran numerical simulations for H-band observations of the target system with and without the high contrast module. The integration time is 2 hours. Figure 8 shows the H-band observation without the high contrast module. The target planet cannot be detected due to the high sky background even if the stellar light is perfectly suppressed by the nulling interferometer. On the other hand, Figure 9 shows the H-band observation with the high contrast module. The left of Figure 9 shows the subtraction between the two interference patterns for each spectral channel of the IFS. The separation angles of the speckles are shifted in proportion to the wavelength while the position of the planet is independent of the wavelength. Additionally, only the intensities of the speckles change as a function of the wavelength because the introduction of the achromatic phase shifter modulates the detector plane. As a result, the speckles can be suppressed when the subtractions are summed along the spectral channels of the IFS. The right of Figure 9 shows sum of the subtractions along the spectral channels of the IFS. The high sky background and the speckles are significantly suppressed, and then the target planet can be detected with the signal-to-noise ratio (SNR) of more than 5. The position of the target planet can be measured. Furthermore, we can measure the spectrum of the target planet from its position even if the target planet is not separated from the speckles for each spectral channel. However, in this simulation, an additional integration time is required for measurement of the target planet's spectrum with the SEIT. Additional research of this new system will be addressed in the upcoming paper. 
FUTURE WORKS
We presented a conceptual design of our proposed instrument, Second-Earth Imager for TMT (SEIT). The large aperture of the TMT provides us a high contrast imaging capability at a small angular separation. The SEIT allows us to take snapshots of the Earth-like planets in the habitable zones around M-type stars. Focusing on the possible red-shifted edge of the exovagitation on the planet orbiting the M-type star, this new approach can also investigate biological states on the Earth-like planets from color-color diagrams. The SEIT will be a complement to space-based coronagraph projects, which aim to characterize the habitable Earth-like planets orbiting G-type stars. We also presented a new method for suppressions of the exozodiacal light, the sky background, and the speckles, which prevent to detect the Earth-like planets. Focusing on the fact that the sky background and the exozodiacal light are symmetric sources while the planets are off-axis sources, the interferometric technique with introduction of the +/-π/2 phases extracts the anti-symmetric sources such as the planets and the speckles. In addition, the spectrally resolved subtraction between the two interference patterns separates the target planet from the speckles. In order to validate the new system, we conducted numerical simulations for the ideal case where the suppression system is perfect and the wavefront aberration uncorrected by the AO is negligible. Under the ideal condition, the SEIT can fully detect analog Earths around the M-type stars at 10pc with the SNR of more than 5. The SEIT may also acquire the spectra of the planets. We will run numerical simulations under actual conditions and also conduct additional research for the measurement of the spectra of planets with the SEIT.
